We have calculated the piezoelectric coupling between a two-dimensional electron gas and the stress field due to a lateral surface superlattice, a periodic striped gate. The stress is assumed to arise from differential contraction between the metal gate and semiconductor. The piezoelectric potential is several times larger than the deformation potential and generally gives the dominant coupling. It depends on the orientation of the device and vanishes on a (100) surface if current flows parallel to a crystallographic axis. Most devices, however, are fabricated parallel to {011} cleavage planes and in this case the piezoelectric potential is at a maximum. We also discuss different elastic models for the gate and sources of screening, which include the partlyoccupied donors in a typical GaAs-AlGaAs heterostructure.
I. INTRODUCTION
The high mobility of electrons in a two-dimensional electron gas (2DEG) in a heterostructure has made it the foundation for a huge range of experiments 1 in which the mean free path or wavelength of the electrons is comparable with the size of a device. Often the electrons are guided by metal gates on the surface, and it is assumed that the electrons are influenced only by the electrostatic field from the bias on these gates. This hypothesis can be tested by experiments which measure the potential in the 2DEG, and commensurability oscillations in a magnetic field 2-4 provide a convenient tool. These detect the periodic potential under a lateral surface superlattice, a device with a sequence of equally-spaced parallel metal gates perpendicular to the flow of current between source and drain. The potential can be deduced from a straightforward analysis of the magnetoresistance.
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A recent experiment, 7 which used a lateral surface superlattice on a particularly shallow 2DEG, showed a periodic potential even when the gates were grounded. There was also a strong second harmonic. In a previous paper, 8 which we shall refer to as I, we considered possible sources of this modulation. We were unable to reproduce the harmonic content of the measured potential assuming a built-in voltage on the gates. Instead we proposed that differential contraction between the gate and semiconductor led to strain which caused the observed modulation of the 2DEG. It is now recognized 9 that strain plays a role in many experiments where electronic transport is sensitive to weak potentials.
We assumed in I that strain coupled to the 2DEG through the deformation potential. This gave good qualitative agreement with experiment and explained the strong second harmonic observed. However, the magnitude was too small by nearly an order of magnitude when all sources of screening were taken into account, including a parasitic layer of electrons around the donors in the experimental structure.
Strain also couples to electrons through the piezoelectric effect in III-V semiconductors. This interaction depends on orientation, unlike the deformation potential. Most samples are grown on (100) surfaces and we assumed in I that current flowed along the [010] direction. There is no piezoelectric interaction in this case. However, practical devices are usually oriented parallel to the {011} cleavage planes, and current flows along a 011 direction. This maximizes the piezoelectric coupling and the potentials calculated in I are therefore incomplete for most experiments. This paper corrects that deficiency by including the piezoelectric interaction. We shall also improve other aspects of the physical model, particularly with respect to the boundary conditions applied to the electrostatic and elastic fields. Thus our aims are as follows.
1. To calculate the piezoelectric potential as a function of orientation and compare its magnitude with that from the deformation potential.
2. To clarify the boundary conditions for the electrostatic problem, particularly the role of surfaces and doped regions.
3. To consider different elastic models for the gate.
It has been realized for some time that stress is induced during the manufacture of fieldeffect transistors (FETs). In a landmark paper, Asbeck et al. 10 showed that the resulting There are several important differences between the modulation induced by the piezoelectric effect and the deformation potential.
1. The piezoelectric effect depends on orientation but the deformation potential does not, within the isotropic approximation for the elastic constants.
2. The piezoelectric effect is several times larger for samples in the usual orientation.
3. They are affected by screening in different ways. In particular, the piezoelectric charge extends deeper than the 2DEG where it is less affected by screening due to surface states or electrons around the donors.
4. The shape of the piezoelectric potential changes dramatically with the ratio of the period of the superlattice to the depth of the 2DEG; the deformation potential is less sensitive.
We first review the calculation of the elastic field, using two models of the gate. Next we calculate the potential due to the piezoelectric interaction. This includes the effect of orientation and screening by regions of the structure which are often considered inert, such as the surface and doped layer. Finally we compare our results with experiments on lateral surface superlattices. We are now able to explain the observed magnitude 7 of the periodic potential. The harmonic content is further from experiment, but is found to be very sensitive to the precise dimensions of the structure. A more recent experiment 12 has verified the piezoelectric origin of the potential through its dependence on orientation.
We made an unfortunate choice of axes in paper I which we have changed to avoid confusion here, where a precise description of the orientation is essential. Figure 1 shows the crystallographic axes for the conventional setting of a (100) wafer and the orientation of the device. We choose z directed down into the substrate and x along the direction of current, with the origin in the centre of a gate. The current and x-axis make an angle θ with the [010] direction. There is translational invariance along y, parallel to the width of the gates of the superlattice.
The figure also shows the geometry of the superlattice. The gates have length 2a, separated by gaps of 2b. The layers are δ-doped with a plane of donors at depth c. These are separated from the 2DEG by the spacer of thickness s which includes an allowance for the thickness of the wavefunction. The 2DEG lies at a depth d = c + s. The presence of the donors will be important when we impose boundary conditions on the electrostatic problem arising from the piezoelectric charge density. Before this, however, we must calculate the elastic field generated by the gate.
II. STRESS
We proposed in I that stress arose from differential contraction between each gate and the underlying semiconductor. The elastic problem is to calculate the stress throughout the semiconductor resulting from the array of gates on the surface.
We studied both single and periodic gates analytically in I by making several simplifications. The differences in elastic constants between GaAs and AlAs were ignored and we treated the material as isotropic. Unfortunately the problem becomes much more complicated if we drop these simplifications and we shall therefore retain them. Standard elastic theory 13 then shows that the stress in our two-dimensional problem can be deduced from a biharmonic function χ. The boundary condition σ zz = 0 is assumed to hold over all the surface, including under the gates, and allows us to write χ = zφ where ∇ 2 φ = 0. This is equivalent to an electrostatic problem and we shall make frequent use of the analogy. To solve this equation we need boundary conditions for the surface.
A. Models for the gate
An accurate treatment of the gate, to include its relaxation and finite dimensions, would clearly need numerical methods. We introduced an approximate model in I where we assumed that there was constant strain ε xx = ε 0 xx in the semiconductor parallel to its surface under the gate. We shall call this a "rigid gate". Asbeck et al. 10 made a different assumption which in our case implies uniform stress in the gate. We shall now consider where each model is appropriate.
At equilibrium, stresses at the interface between the gate and semiconductor obey the general relation 13 h ∂σ
which applies to a thin film of thickness h ≪ a. This can be written in terms of the strain, assuming that the film is so thin that σ gate zz = 0, as
where G is the shear modulus of the semiconductor. We assumed in I that the gate was uniformly strained, so both sides of this equation must be small. For an estimate, put ∂ε gate xx /∂x ≈ ε 0 /a and ε xz ≈ ε 0 where ε 0 is a rough measure of the strain and 2a is the width of the gate. Then a dimensionless measure of the variation in strain is given by
The model of a rigid gate giving a uniformly strained semiconductor used in I is valid if λ ≪ 1.
In the opposite case, λ ≫ 1, the stress can be solved with a Wiener-Hopf approach. The distribution of the stress is very complicated within a distance a/λ of the edge of the gate. Fortunately we are only concerned with the behaviour at much larger distances and can reduce the stresses generated by the gate to a force at each end. This approach was taken by Asbeck et al. 10 , drawing on the earlier work of Kirkby et al. 14 and Blech and Meieran.
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The stress within each gate is constant at σ gate xx and the force per unit length at each end has magnitude F = hσ gate xx . This "elastic gate" gives a boundary condition for φ under a gate between x = ±a of
This is satisfied if φ(x, z=0) = F under the gates 0 elsewhere (2.5) on the surface. Superposition is simple with this model because the potential is specified all over the surface, and it can readily be generalized. The stress due to the elastic gate is proportional to its thickness, which does not enter if the gate is rigid. The harmonic content is also significantly different, as we shall show next.
B. Solution of elastic problem
We must now find the elastic potential φ(x, z) throughout all space, and will use the analogy with an electrostatic problem. There is no shear stress on the surface between the gates, which is equivalent to zero potential. The boundary condition under the gate depends on the model and we shall first consider the elastic gate. Equation (2.5) gives a fixed potential of F under the gate so the potential is a square wave on the surface. This can be extended for all z by standard methods. 16 We write φ = F Im w where w is a function of the complex coordinate ζ = x + iz, and find
The result for a single gate rather than a superlattice is deduced by setting b → ∞ but we shall not pursue this. The solution of Poisson's equation for the piezoelectric charge is simplified if we exploit the periodic nature of the superlattice and use a Fourier series. This also facilitates comparison with experiment, which gives only the squared modulus of the Fourier coefficients. The harmonic function φ can in general be expanded as
where the wavevectors q n = πn/(a + b). The elastic gate has a square wave for φ(x, z=0) which gives simple coefficients,
for n > 0 and φ 0 = aF/(a + b).
The rigid gate gives a boundary condition on φ which corresponds to a fixed density of surface charge under the gate. In I we wrote φ = A Im w where A = 
Again we wish to expand this as a Fourier series. It is easier to start from the derivative,
Put α = πa/(a+b) and Z = πζ/(a+b) for brevity. Expansion of the trigonometric functions of Z as complex exponentials and simplification gives
We recognize the square root as the generating function for Legendre polynomials. Using this expansion, integrating to return to w, and taking the imaginary part finally leads to coefficients
for n > 0. We cannot obtain φ 0 by this route but it does not appear in the final result. The Fourier expansions of φ for the stress show different characteristics in the two models. This is emphasized if the gates and gaps are equal (a = b), a common case in practice. The even coefficients then vanish for the elastic gate, and this should be reflected in the magnetoresistance. There is no such cancellation for the rigid gate, where all coefficients remain nonzero although cos α = 0 and the odd Legendre polynomials vanish.
This completes our solution of the elastic problem.
III. PIEZOELECTRIC POTENTIAL
We shall now use the stress to calculate the density of polarization charge from the piezoelectric effect, and integrate Poisson's equation with this charge density to find the resulting potential energy in the 2DEG. Most of this is straightforward apart from the boundary conditions on the electrostatic potential.
A. Piezoelectric charge density
The piezoelectric polarization and stress are related by P i = d ijk σ jk . Most elements of the piezoelectric tensor d ijk vanish in GaAs because of its high symmetry,43m. 17 The exceptions, in crystallographic axes, have ijk = 123 and permutations, all of which take the same value 1 2 d 14 . Two rotations must be made to bring the tensor into our xyz axes. First is a rotation of θ about [100] which accounts for the direction in which current flows, taken as x. Secondly we must rotate by π about x because our z-axis points downwards into the semiconductor. We then find 18 that
There is no strain along the width of the gates, ε yy = 0, so we can replace σ yy = ν(σ xx +σ zz ).
The polarization field P can be replaced by a volume charge density ρ = −div P, which becomes
This can be simplified by using the condition ∂σ ij /∂x i = 0 for mechanical equilibrium, which shows that ∂σ xz /∂x = −∂σ zz /∂z here. The contribution from P y vanishes to leave a characteristic dependence on sin 2θ. Charges also develop at surfaces and interfaces. These are smaller for our example and will be discussed in Sec. III D.
Next, we express the stress in terms of the harmonic function φ. The result is
where primes indicate derivatives with respect to z. The next step is to integrate Poisson's equation with this charge density, but we must first review the boundary conditions.
B. Boundary conditions for electrostatics
We expect the potential to vanish far from the gate, at z → ∞, and this provides one boundary condition for Poisson's equation. A second is provided by the surface of the semiconductor and two simplified models were discussed in I. It is generally assumed that a high density of surface states pins the Fermi level at an almost constant energy on the surface of GaAs at room temperature, and the surface therefore acts as an equipotential. Pinning requires equilibrium to be maintained between the surface states and the 2DEG below, a process that must become very slow at low temperature. Then it may be more accurate to treat the charge in the surface states as frozen because it does not have time to adjust during an experiment. The surface now behaves as a simple dielectric boundary.
We have assumed that the strain arises from differential contraction between the gate and semiconductor, and therefore develops gradually as a sample is cooled. Moreover, much of the contraction occurs at higher temperatures where the surface states are active. We therefore take the surface to be pinned in the calculation of the static piezoelectric potential, and treat it as an equipotential at zero.
A conventional modulation-doped sample has a layer of donors between the surface and 2DEG. This can be ignored if all donors are ionized, but silicon in AlGaAs does not behave in so simple a way. Only about half the donors are ionized in a typical sample, the remainder being neutralized as DX centres. 19 The occupation of these donors is frozen below T F ≈ 150 K, but they act to screen the electrostatic potential above this temperature. The donors therefore act like another equipotential layer at z = c if most of the piezoelectric charge density is developed above T F . We suspect that this is often the case in structures used for physics experiments but probably not for practical transistors, which usually have a recessed gate to eliminate parasitic electrons around the donors. There may however be a slow relaxation of the piezoelectric potential if the donors or surface states have not come into equilibrium before an experiment is started.
The shallow δ-doped layer used in the experiment studied in I was unusual because it had AlAs barriers, and the donors were surrounded by a parasitic channel of electrons which remained free even at low temperature. In this case it is certainly appropriate to treat the donors as an equipotential plane.
C. Potential energy in the 2DEG
We can now integrate Poisson's equation ∇ 2 ψ = −ρ/ǫǫ 0 to find the piezoelectric potential ψ, with the charge density given by Eq. (3.4). We shall assume that the donors act as an equipotential, giving the boundary condition ψ(z=c) = 0. If this is not the case, setting c = 0 returns the equipotential to the surface of the semiconductor. Again we expand the potential as a Fourier series, ψ(x, z) = n ψ n (z) cos(q n x), and find
The bare potential energy in the 2DEG is given by −eψ(z=d), which is then screened by the 2DEG. The nearby equipotential plane provided by the donors (or surface) makes screening less effective at long wavelengths than for an isolated 2DEG. 20 This is taken into account by the modified Thomas-Fermi dielectric function introduced in I,
In our case the equipotential plane is at a distance p = d − c. The Fourier coefficients of the potential energy induced in the 2DEG become
This is our final expression for the Fourier expansion of the piezoelectric potential energy. Set c = 0 in this expression if the donors do not act as an equipotential. An important point is that charge both above and below the 2DEG contributes to the potential. Screening from electrons around the donors therefore has less effect than it does on the deformation potential or an electrostatic potential from the gate. The numerical results make this clear.
D. Charge density at interfaces
The calculation above has only included the volume charge density. Discontinuities in the polarization also generate a charge density ∆P · n at surfaces and interfaces. We find that these are smaller in the structure that we have used as an example, but this may not always be the case.
Our assumption of a pinned surface means that we can neglect any charge density here. Effectively we assume that the surface states absorb the piezoelectric charge without significant change of the Fermi level.
Charge may build up at interfaces within the heterostructure due to differences in the elastic, piezoelectric or dielectric constant. This may be important because the 2DEG is trapped at an interface, and charge here would be particularly effective.
The differences in elastic constant, dielectric constant and piezoelectric constant between GaAs and AlAs 21 are roughly 2%, 20% and 40% so the discontinuity in the piezoelectric constant is most significant. We estimate that this gives rise to about 4 × 10 13 m −2 electrons at the interface with the 2DEG in the fundamental wavevector. This is about 1% of the density of the 2DEG so the induced potential energy is a similar fraction of the Fermi energy, or about 0.1 meV. This is smaller than the potential from the space charge but only by a factor of 3 or so. We shall not consider it further in this paper, and we shall also neglect the discontinuity in the elastic and dielectric constants whose effects will be smaller. Interface charges are more significant in other heterostructures where the properties of the materials are more distinct.
IV. RESULTS
The results of our calculations of the potential energy in the 2DEG under a lateral surface superlattice are plotted in Figs. 2 -5 , and the first three harmonics are summarized in Table I . We used parameters to match the device 7 studied in I. The layers comprised a GaAs substrate, two 10 nm thick AlAs barriers separated by 2 nm of AlGaAs δ-doped with Si to 4 × 10 16 m −2 , and a 5.4 nm GaAs cap layer. The 2DEG was confined at an interface 28 nm deep. The extent of the wavefunction normal to this interface is about 7-8 nm. This is much smaller than the period of the superlattice and will therefore be treated simply by adding it to the depth of the 2DEG, giving c ≈ 17 nm, s ≈ 18 nm and d ≈ 35 nm. The gates were deposited as 15 nm Ti followed by 15 nm Au; their length was 2a = 130 nm and the gaps were 2b = 140 nm. A complication of this device is that it showed a low density of mobile electrons around the donors even at low temperature. 22 We account for these by treating the plane of donors as an equipotential (Sec. III B).
Most of the calculations are for a rigid gate. Assuming that differential contraction between Ti and GaAs was responsible for the strain, we estimate that the surface of the semiconductor was in compression of ε 0 xx = −0.001 under the gate. This figure may be subject to large errors as the precise conditions of deposition are uncertain. Current flowed along a 011 direction so we set θ = 45
• , which maximizes the piezoelectric potential. We use parameters for GaAs 21 throughout of Young's modulus E = 9 × 10 10 N m −2 , Poisson's ratio ν = 0.31, ǫ = 13.2, d 14 = −2.69 × 10 −12 C N −1 and Ξ = −8.2 eV. A small inaccuracy arises because most of the material between the 2DEG and the surface is usually AlGaAs (or AlAs in the experiment studied here). The piezoelectric charge also extends below the 2DEG, however, which reduces the error.
A. Deformation and piezoelectric potentials
The deformation and piezoelectric potentials calculated for this device are compared in Fig. 2 . The piezoelectric potential is about four times stronger than the deformation potential, and has a higher harmonic content, when only screening by the 2DEG is included. Further screening due to electrons around the donors reduces the deformation potential by a factor of about 4. The piezoelectric potential is reduced to about 40% of its previous value and its harmonics are further emphasized. Figure 3 shows the screened piezoelectric potential as a function of the depth of the 2DEG, other parameters remaining unchanged. Screening due to electrons around the donors is omitted for clarity. The potential decays with increasing depth, as expected, but there is also a striking change in harmonic content. The fundamental component is almost absent at 80 nm and changes sign for a deeper 2DEG. This is confirmed by the plot of Fourier coefficients (Eq. 3.7) as a function of depth in Fig. 4 . A small change in the ratio of depth to period clearly has a substantial influence on the piezoelectric potential. The periodic modulation is maximized at a depth of about 10 nm which is unfortunately too shallow to be practicable.
In contrast, the bare deformation potential is proportional to the dilation which is a harmonic function, 13 so each Fourier component decays exponentially. Screening introduces only a small change. Figure 5 shows the deformation and piezoelectric potentials for the elastic and rigid models of the gate, screened by the 2DEG only. For the elastic gate we took a thickness h = 30 nm, Young's modulus E gate = 10 11 N m −2 , Poisson's ratio ν gate = 0.3 and a strain of ε gate xx = +0.001 to correspond with the rigid gate. These parameters give a tensile stress of σ gate xx = +1.1 × 10 8 N m −2 . To compare the applicability of the two models, Eq. (2.3) gives λ ≈ 1.7, showing that the gate is close to the crossover. This explains why the potential energies generated by the rigid and elastic gates have similar magnitude. In general the magnitude would be different because the stress from the elastic gate depends on its thickness while that from the rigid gate does not.
B. Different elastic models
The harmonic content of the potentials predicted by the two elastic models is sharply different, as confirmed by Table I . This follows from the nature of the Fourier series for the elastic function φ (Sec. II B), which contains only odd harmonics for elastic gates when the mark-space ratio is unity. The experimental device was close to this limit, and the curves for the elastic gate therefore show a symmetry between the gates and gaps which is absent for the rigid gate. The second harmonics are correspondingly small for the elastic gate.
C. Comparison with experiment
Figure 2(a) shows the potential deduced from experiment.
7 The significant features are its magnitude, the strong second harmonic and absence of a third harmonic (within experimental resolution).
Qualitatively, the closest match to experiment is offered by the deformation potential screened by the 2DEG alone [ Fig. 2(b) ]. This has a strong second harmonic but a noticeable third harmonic too. Its magnitude is too small by a factor of two but our estimate of the strain may well contain an error of this size. The main problem is that this result takes no account of the mobile electrons around the donors revealed by other experiments. 22 The inclusion of these reduces the potential to that in Fig. 2 (c) which is too small by nearly an order of magnitude.
In contrast, the piezoelectric potential has about the right magnitude, even when screening by electrons around the donors is included [ Fig. 2(e) ]. Unfortunately the harmonic content agrees much less well, with a particularly strong third harmonic. However, Figs. 3  and 4 show that the strength of the harmonics is a rapidly varying function of the dimensions of the device. A small error resulting from, say, lack of adhesion of the edge of the gates, would have a large effect on the harmonic content. Indeed a reduction in a improves the agreement with experiment. We conclude that the piezoelectric effect is the more likely explanation of the observations but leaves some questions unresolved.
These calculations, like those in I, employed a rigid gate. The elastic gate might seem more appropriate as the thickness of the gates, 30 nm, is much smaller than their length of 130 nm. Also, as discussed in Sec. IV B, Eq. (2.3) gives λ ≈ 1.7 which is marginally in favour of an elastic gate. However, Fig. 5 and Table I show that the results using this model agree less well with experiment, mainly because of the missing second harmonic. We suspect that the problem with the elastic model of the gate is that all the force between the gate and semiconductor is concentrated into a δ-function at each end. Obtaining good adhesion of the edges of a gate is often difficult in practice, and it is likely that some relaxation occurs to spread this force over a wider area. This may explain why the rigid gate appears to be a better approximation. Unfortunately it will be hard to treat this effect even with numerical modelling.
This discussion shows that it is difficult to resolve the source of the periodic potential from its functional form alone. An obvious distinction between the deformation and piezoelectric potentials is their dependence on orientation. The deformation potential does not depend on θ, within the validity of the isotropic approximation for the elastic fields. The piezoelectric potential, in contrast, varies as sin 2θ and changes sign between the two common directions of current, [011] and [011] . This dependence has been seen in a recent experiment 12 which confirms the piezoelectric effect as the dominant source of the periodic potential under an unbiased lateral surface superlattice. This experiment used a gate bias to cancel the builtin potential and detect its sign. Unfortunately we predict the opposite sign. We do not at present understand this. If the discrepancy cannot be traced to an error in our calculation or the experiment, or an ambiguity in the definition of the orientation or piezoelectric constant, we must conclude that the GaAs is in tension rather than compression under each gate. This would imply an origin other than thermal expansion. An independent experiment to measure the stress under a metal gate, or to apply a better defined stress, would be welcome.
V. CONCLUSIONS
Our calculations show that the piezoelectric effect provides the dominant interaction between strain under a lateral surface superlattice and the electrons in a 2DEG for devices in the conventional orientation on GaAs. The magnitude is in good agreement with experiment.
7 Although the harmonic content is predicted much less well, this may arise from small errors in the input parameters which have a large effect on the piezoelectric potential. Direct confirmation comes from the dependence on orientation.
12 Screening by electrons around the donors has less effect than it does on the deformation potential, because much of the piezoelectric charge is deeper than the 2DEG.
We have considered elastic and rigid approximations for the behavior of the gate. A thin gate should be nearer the elastic limit, but the results using a rigid gate are closer to experiment. We speculate that this arises from relaxation, or perhaps lack of adhesion, at the edge of the gate.
An improved theory of strain would probably have to abandon the isotropic approximation for the elastic problem, which is not particularly accurate for the III-V semiconductors. The isotropy ratio S = (c 11 − c 12 )/2c 44 = 0.55 for GaAs, 21 which is far from its limit of unity in an isotropic medium. Unfortunately analytic solution may be possible only for special orientations if cubic symmetry is retained.
We have also shown that unfamiliar sources of screening should be taken into account, notably the surface and electrons around donors in AlGaAs. Both the potential due to strain and the screening from these regions are functions of time as a sample is cooled to cryogenic temperature. The final potential energy may therefore depend on the history of a sample as well as its construction. Relaxation of the potential may also occur as the surface or donors slowly approach equilibrium.
A further source of screening which we have not included is provided by the doping of the substrate. This could be modelled with another equipotential plane at the edge of the depletion layer. Modern heterostructures for physics experiments usually have such low doping in the substrate that the effect is negligible, but it may be significant in a field-effect transistor on a doped buffer layer. A back gate formed by a buried conducting layer would have a similar effect.
Our work carries two main implications for experiments. If modulation of the potential under a gate is not required, the device should be aligned parallel to a crystallographic axis. The deformation potential remains, as does any built-in voltage, but this orientation eliminates the largest effect.
Where the aim is to influence the electrons as strongly as possible, the potential can be enhanced by the growth and patterning of stressors. This technique has a long history in waveguides 14 and the confinement of excitons. 23 Much larger stresses and potentials can be generated that we have shown here; for example the stress in overlayers of Si 3 N 4 can reach 10 
10
9 N m −2 , an order of magnitude higher than in our gate. Clearly there is great scope for developing the piezoelectric effect to guide or confine carriers in a heterostructure. Other parameters are as in Fig. 2 and screening by electrons around the donors is neglected. 
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